Analysis of Nocardia asteroides 14759 cell walls were done to determine the chemical and structural composition during the growth cycle. It was found that the ultrastructural profiles of the cell wall become altered as the cultures aged. Chemical analysis revealed corresponding shifts in cell wall components as the culture went from lag to logarithmic to stationary phases of growth. The peptidoglycan from lag-phase cells (5 h) represented 15% of the total cell wall weight, and the percentage of peptidoglycan progressively increased so that, in 1-week stationary-phase cells, it represented approximately 40% of the total wall weight. In lag-phase cells it was found that 36% of the cell wall weight was lipid in nature, whereas stationary-phase cells had only 7% lipid in their wall. The overall sugar composition of the walls remained relatively constant at about 28 to 31% however, the arabinose to galactose ratio changed from approximately 1:1 in lag-phase to 2:1 in stationary-phase cells. Gas-liquid chromatography demonstrated that the fatty acids making up the cell wall lipids changed relative to one another as the cells aged. Based upon the removal of lipids by ethanol-ether, chloroform, and alkaline methanol extraction, it was shown that the classes of loosely and firmly associated lipids changed as the cells aged. Further, it was found that a carotenoid-like pigment associated to a C 2 fatty acid increased in the cell wall as the culture stopped growing. Peptidolipid or lipoprotein was found to make up a significant part of the cell wall. This component increased in amount and varied in amino acid content as the culture aged. Analysis of the totally extracted basal layer of the cell wall (peptidoglycan plus arabinogalactan) showed that it too changed as the cells grew and fragmented. The data presented established that the cell wall of N. asteroides was structurally and chemically complex and that a progression of chemical and physical processes occurred within the wall as the cells developed through their growth cycle.
The nocardiae characteristically undergo morphological change during their growth cycle. Beaman and Shankel reported that there were considerable structural modifications occurring in cells of Nocardia rubra 721-A during growth (9) . Further, it was observed that cell wall structure and intracytoplasmic membrane organization was affected most by culture age and media composition (9) . Based on these observations it would be reasonable to assume that significant chemical changes occurred in the nocardial cell, particularly the cell wall, during the various stages of nocardial growth. A chemical and structural analysis of cell walls of Nocardia during its growth cycle have not been ' Present address: Department of Medical Microbiology, School of Medicine, University of California, Davis, Calif. 95616. reported. However, there are numerous reports concerning the general qualitative chemical make-up of nocardial walls. Most of these inve.stigations utilized walls prepared from Nocardia grown for one week or more under single sets of conditions and have not dealt with possible chemical and ultrastructural changes that might occur during different stages of growth (3, 4, 8, 13, 14, 16, 24, 26, 28, 29, 32) . Therefore, we have initiated a detailed chemical and structural analysis of cell walls of several strains of Nocardia during their growth cycle.
MATERIALS AND METHODS Organisms. Nocardia steroides ATCC 14759 was obtained from American Type Culture Collection (Rockville, Md.) and clones were maintained on brain heart infusion agar (BHI).
1236 BEAMAN Growth studies. It was found that BHI broth supported the growth of N. asteroides in a dispersed and uniform suspension which permitted us to evaluate the various stages of development and, at the same time, supplied us with large amounts of a relatively homogeneous population (based on morphology) for chemical analysis.
N. asteroides was inoculated into 50 ml of BHI broth in a 250-ml Erlenmeyer flask and incubated 7 days at 34 C with mild agitation (150 rpm). Five milliliters of this starter culture were added to 500 ml of fresh BHI broth in a 2,800-ml Fernbach flask. This culture was incubated in a New Brunswick Psychotherm incubator with a temperature of 34 C and agitated at 150 rpm. The growth was quantitated by optical density at 580 nm on a Spectronic 20 spectrophotometer (Beckman), by viable plate counts, and by direct microscopy counts. Using these conditions the growth curves were reproducible.
Electron microscopy. At 5, 16 , and 55 h and at 1 week, cell suspensions were fixed in 3.0% glutaraldehyde in Kellenberger buffer (pH 6.5), postfixed in OSO4, and embedded in Maraglass as described previously (6) . Sections were cut by use of a DuPont diamond knife on a MT-2 Porter Blum ultramicrotome. Silver-gold sections were collected on copper athene grids and stained for 60 s with lead citrate as described by Reynolds (21) . The sections were photographed through a Philips EM 300 electron microscope with a 30-,gm objective aperature and operated at 60 kV.
Freeze etching. Cells from the various stages of growth were fixed in 3% glutaraldehyde as described above, washed in Kellenberger buffer, and resuspended in 20% glycerol. The cell suspensions were placed on gold specimen stubs (supplied by Balzers, Inc., Santa Ana, Calif.) and rapidly frozen in liquid freon 22 . The frozen specimens were transferred to liquid nitrogen for temporary storage. Samples, placed in a Balzers freeze-etch apparatus, were cleaved, etched, and shadowed as previously described (9) . The replicas were cleaned in hypochlorite or concentrated sulfuric acid, mounted on cooper grids, and examined under the electron microscope as described above.
Cell wall preparation. Cells were grown as described earlier. At 5, 16 , and 55 h and at 1 week, the cells were killed by adding formalin to the culture (final concentration of 4% formaldehyde, vol/vol) and allowed to stand overnight at 4 C. The killed cells were harvested by centrifugation and washed twice in deionized water. Five to 10 g (wet weight) of cells were resuspended in 50 ml of deionized water using a Virtis high-speed blender. This homogenate was added to 40-ml glass beads (Glasperlen, 0.1-mm diameter) in a 100-ml glass bottle supplied for the Braun tissue disintegrator. The cells were broken using 30-s bursts four times in a CO2-cooled Braun tissue disintegrator. Cell breakage was monitored by phase contrast microscopy and by the Gram stain. Crude cell walls were removed from whole cells and glass beads by differential centrifugation starting at approximately 800 x g with final crude cell wall collection being made at 20,000 x g for 30 min . The cell walls were washed four times with deionized water and digested with trypsin and pepsin as described previously (7) . After the final washing with deionized water, the purified cell walls were checked for purity by electron microscopy of negatively stained preparations (2% ammonium molybdate), Gram staining, phase contrast microscopy, and absorbance at 260 nm. The walls were then lyophilized and distributed into clean, dry, preweighed tubes for further analysis.
Small amounts of purified, lyophilized cell walls (extracted and unextracted) were postfixed with OSO4, embedded in Maraglass, sectioned, and evaluated under the electron microscope (as described above). The cell walls were considered to be pure only when the following criteria were met: very few or no gram-positive cells found, homogeneous fragments lacking filled walls as observed by phase contrast microscopy, no cytoplasmic membrane found in negatively stained preparations, no peak at 260 nm, no ribose detected on gas-liquid chromatography (GLC) analysis of sugar hydrolysates, and no cytoplasm or cytoplasmic membrane evident in thin-sectioned preparations. It was found that all of these criteria could be met only after the rigorous procedures of preparation described above, that is, trypsin-pepsin digestion combined with exhaustive washings in deionized water.
Amino acid analysis. Purified unextracted and extracted cell walls as well as solvent extracts of wall material were hydrolyzed in 4 N HCl in evacuated tubes for 18 h at 110 C. The hydrolysates were dried under vacuum in an Evapomix flash evaporator (Buchler Instruments) and resuspended in citrate buffer (pH 2.2) as described earlier (7) . All samples were analyzed on a Beckman 120 C amino acid analyzer and the amino acids were quantitated by the standard height-times-width method. All samples were analyzed in duplicate, and each experiment was repeated several times. During prolonged hydrolysis with 4 N HCl the amino sugars underwent some hydrolytic degradation. As a consequence we hydrolyzed cell wall samples with 4 (23) . The petroleum ether was evaporated to complete dryness in the flash evaporator. Four milliliters of boron trifluoride in methanol (Applied Science) were added to the dry fatty acid residue and boiled gently until the volume was reduced to approximately 0.5 ml. Methyl esters were recovered by repeated extraction with several volumes of petroleum ether which was then evaporated to dryness at 60 C. The fatty acid methyl esters were resuspended in 0.1 ml of methylene chloride (spectrol quality) and analyzed by GLC.
The weights of all samples were carefully determined prior to saponification and after methylation. The same procedures were applied to 0.5 mg of C14-, C,.-, and C ,.-free fatty acids (Sigma) and C14 was added to a number of samples to serve as an internal standard. In addition, varying quantities of C,, and C . fatty acid was added to a constant amount of C1, and methylated as described.
The ratio of the peak areas of the samples to the peak area of the internal standard was plotted against the milligram ratios. The response factor as well as the linearity of the recorder was determined by the slope of the graph.
(ii) HCI-methanolysis. Freshly prepared dry HClmethanol (kit from Applied Science) was added to carefully preweighted cell walls or cell wall extracts (1 ml/5 mg of residue), flushed with dry nitrogen, and sealed. The tubes were placed at 110 C in a sand bath for either 6 (for peptidolipids) or 18 h. The fatty acids were removed from the HClmethanol by repeated extractions with several volumes of petroleum ether which was then evaporated to dryness and analyzed by GLC as described above. The remaining HCl-methanol sample was heated to 60 C for 5 min to remove residual petroleum ether, then neutralized with silver carbonate. Sugar derivatives were prepared as described below.
Analysis by thin-layer chromatography. The separation and analysis of nocardomycolic acids were essentially the same as those published previously (7). The thin layer separation and analysis of the pigment was the same as described by Vacheron et al. (32) .
Sugar analysis by GLC. The sugar residues obtained by HCl-methanolysis as described above were collected in methanol and brought to dryness in the flash evaporator. Trimethylsilyl derivatives were prepared using Applied Science Sil-Prep ampules containing hexamethyldisilazane and trimethylchlorosilane in pyridine. We used the methods described in the packet supplied by Applied Science which were essentially the same as those described by Hughes and Clamp (18 Determination of total carbohydrate. The total sugars were quantitatively determined by the phenol method as described by Herbert et al. (17) . The values were expressed as arabinose and galactose equivalents since these sugars were used as standards. Absorbance was plotted against concentration at both 480 and 488 nm using a Beckman DU spectrophotometer.
Extraction of lipid, carbohydrate, and peptidolipid. Free and bound total lipids were removed from the cell walls after the standard extraction procedures devised for mycobacteria by Anderson (1) . The methods used were essentially those described and discussed by Sutherland and Wilkinson (31) and Asselineau (2) . Both the extracts and the cell wall residues were brought to constant weight dryness in vacuo at 50 C for weight determinations. Each weight value represents an average of four determinations. All procedures were performed on at least three different cell wall preparations of each time period. The starting weight of the purified, unextracted cell walls was 100 mg (dry weight) so VOL. 123, 1975 on November 6, 2017 by guest http://jb.asm.org/ Downloaded from 1238 BEAMAN that the amounts of material recovered represented milligram percent of total. All reagents used throughout this investigation were either lipopure from Applied Science or spectrol quality for GLC analysis obtained from Sigma Chemical Company. All solvents and reagents were analyzed with the GLC to determine purity prior to use.
Cell wall pigment analysis. The pigment was extracted from the cell wall using ethanol-ether (1:1) and purified on thin-layer plates as described by Vacheron et al. (32) . The pigment was scraped from the plate and extracted from the silica gel with ethanol-ether. The dried residue was weighed and resuspended in ethanol, and a spectrophotometric scan was made from 205-to 700-nm wavelength using a Beckman Acta III. The pigment was then brought to dryness and the sugar and lipid composition was determined as described above.
Total cell wall lipid. The total cell wall lipid was determined by treating 100 mg of cell walls with 10 ml of KOH-methanol (0.5% wt/vol) at 60 C for 48 h. The cell walls were washed with several changes of methanol which was combined with the KOH-methanol extract. Finally, the cell walls were washed with petroleum ether which was also added to the KOHmethanol residue. The cell walls were brought to dryness as described above and the weight was determined. This gave the weight of extractable material removed from the wall which included lipid, peptide, and carbohydrate. The KOH-methanol extract was acidified and extracted with several volumes of petroleum ether which was then washed with deionized water and brought to dryness. The ether residue was weighed and taken as the total lipids present within the wall. The peptide appeared not to be in this fraction, as the KOH-methanol treatment for 48 h seemed to destroy it.
Peptidolipid preparation. The cell walls were placed in dry HCl-methanol as described above. The methanolysis was carried out in nitrogen at 110 C for 6 h. The HCl-methanol extract was then extracted with several volumes of petroleum ether which was washed with water and brought to dryness. The ether residue was weighed and fatty acids were determined. This sample was hydrolyzed further with 3 ml of 4 N HCl in water at 110 C for 18 h in an evacuated sealed tube as described previously. The hydrolysate was brought to dryness and analyzed for amino acids. Figure 1 presents the growth curve for N. asteroides 14759 incubated in BHI broth at 34 C as described. Under these conditions of growth there was a maximum rate of doubling of colony-forming units every 2 h, with an initial lag of 7 to 8 h. Stationary phase was reached after 30 h of incubation. During the initial lag phase (5 to 6 h), the coccoid or rod-shaped organisms from the 1-week-old starter culture increased in diameter and filaments began to grow out of these enlarged cells (Fig. 1A) .
RESULTS
During mid-logarithmic growth (16 h) only long, branching filaments were observed (Fig. 1B) . At 55 h and at 1 week the cells were totally fragmented into short rods and cocci (Fig. 1C) .
Electron microscopy revealed that the swollen cells observed at 5 h ( Fig. 2A) possessed an enlarged outer layer to their cell wall. Further, this layer appeared to be limited by a thin membrane (Fig. 2a, arrows) . Where filaments formed and during logarithmic growth (Fig.  2B) , it was observed that this outer layer became thin and uniform, giving the cell wall a characteristic tri-layered profile ( Fig. 2B and  2b ). At 55 h (Fig. 2C ) the inner layer of the wall had increased in thickness and became very osmophilic (Fig. 2c) . The outer layer, on the other hand, became less distinct. After 1 week (Fig. 2D ) the cell walls had become uniformly osmophilic and thickened with a diffuse outer layer of material that varied greatly in thickness and possessed no limiting membrane (Fig. 2d , arrows).
Freeze-etch replicas of the cell surface clearly revealed the multilayered nature of the cell wall (Fig. 3) . The enlarged lag-phase cell (Fig. 3A) had a convoluted outer membranous layer separated from the basal layer by a finely granulated homogenous matrix. The log-phase filaments had a relatively smooth outer layer ( Fig. 3B and C). Beneath this layer was a finely wrinkled or folded surface ( Fig. 3B and C) , and when this layer was pulled away a granular surface crossed by numerous fibrils was observed ( Fig. 3D and E). The cytoplasmic membrane appeared to be beneath this last layer. The surface fibrils were similar to those observed on the surface of mycobacteria (7, 19) and appeared to be the same as those shown in Nocardia by Serrano and Serrano (27) . They are most numerous in late log-or stationary-phase cells and were rarely observed on lag-phase organisms. Negative. staining of the purified cell walls clearly revealed the outer convoluted layers of the wall but failed to show the fibrils (Fig. 4) . This is in marked contrast to the mycobacteria wall where these fibrils are easily demonstrated by negative staining (7, 19) . Figure 4 shows negatively stained cell wall preparations. Lag-phase cells have a more loosely convoluted outer layer that allows a significant amount of ammonium molybdate to penetrate the inner layers (Fig. 4A) . The log-phase cell walls appear to have a more compact outer layer with numerous smaller convolutions. In contrast the outer layer of stationary-phase cell walls appear not to be membranous but instead was more diffuse and less stain penetrated these walls. exception of the surface fibrils shown in Fig. 3 , there was very good correlation between the surface structure of the purified, enzymedigested cell walls and the in situ walls observed by the freeze-etching ( Fig. 3 ) and thin sectioning (Fig. 2) techniques.
The electron microscopy data presented in Fig. 2, 3 , 4, and 5 clearly established that the cell walls underwent considerable structural modification during the growth cycle of N. asteroides 14759. However, these types of data gave little information concerning the chemical changes, if any, that corresponded to the observed structural alterations. Therefore, cell walls of mid-lag (5 h), mid-log (16 h), early stationary (55 h), and stationary (1 week) cultures were prepared and analyzed as described. Table 1 gives the general chemical composition of the unextracted cell walls. Clearly, there are significant differences in the wall composition of cells obtained from the four time periods selected. Most notable are the changes in the percentage of peptidoglycan and lipids. At 5 h, a time when most of the cells had a thickened outer layer ( Fig. 2A, 2a) , it was found that the wall was composed of 14.7% peptidoglycan, 36% lipid, 28.5% sugars, 10.2% peptide or protein, and 10.6% of unknown composition (Table 1) . VOL. 123, 1975 on November 6, 2017 by guest http://jb.asm.org/ (Table 1) . The total amino acid and amino sugar compositions of the unextracted cell walls are shown in Table 2 . As reported previously by Beaman et al. (8) and others (24, 30) there are trypsin-pepsin-resistant peptides or protein within the wall. The peptidoglycan components increased in amount during cell development and aging. The non-murein amino acids on the other hand increased slightly during the first 55 h of growth but then they decreased as the culture aged further ( Table 2 ). The amount of the wall that was composed of amino acids and amino sugars increased dramatically from 24% during lag phase to 62% during stationary phase. Certain amino acids initially increased and then decreased as the cells aged. In contrast, other amino acids, especially serine, alanine, and valine, increased during the developmental cycle and did not decrease as the culture aged (Table 2 ). I believe this may indicate either the presence of more than a single peptide or protein, or the peptide becomes more vulnerable to the action of proteolytic enzymes either of nocardial origin or during cell wall purification.
I have shown that there was a major decrease in total cell wall lipids as the cells became older (Table 1) . However, this gave no indication as to whether the lipids themselves changed in chemical composition. GLC of the total fatty acid methyl esters obtained from unextracted cell walls are given in Table 3 . It is clear from the data presented here that there were significant qualitative and quantitative changes that occurred in the chemical makeup of the lipids found within or associated to the wall. In lag-phase cells, 36% of the recovered fatty acids was palmitic acid, 10% C018l:, 29% stearic acid, and 15% tuberculostearic acid (Table 3 ). In the actively growing log-phase cells, 36% was palmitic acid but the C01:1 fatty acid had increased to 27% of the total fatty acids, whereas the stearic and tuberculostearic acids decreased in relative amounts. At 55 h, palmitic C08:1 and stearic acids made up a smaller percentage of the total fatty acids whereas there were large increases in relative amounts of tuberculostearic as well as longer chained fatty acids (Table 3 ). This shift in fatty acid profile became more pronounced in cells obtained from 1-week cultures. These data indicated that different lipids were present within the wall during lag and log and that they were lost as the cells aged.
In addition to the peptide and lipids there were significant amounts of carbohydrate within the walls ( Table 1 ). The arabinose content increased from 13% of the cell in lag phase to 18% in 1-week stationary cells, whereas galactose decreased from 11 to 9%. Therefore, the in trace amounts or they were totally absent: half-cystine, (Table 1) . We also detected small amounts of another sugar we believe to be mannose. There was an orange, carotenoid-like pigment that developed in aging cultures of N. asteroides 14759. Although some of this pigment may be associated with the membrane, it made up 1% of the cell wall weight in 1-week cultures. It was not detectable in walls of lag-and log-phase cells which were grey to white in color. The pigment was extracted with ethanol-ether (1:1) and was purified using thin-layer chromatography as described. It had absorption peaks at 220, 266, and 450 nm. It was not soluble in water but it was soluble in ethanol. Treatment with HCl-methanol gave behenic acid and glucose as the major components detected by GLC.
Anderson (1) (31) in combination with thin-layer chromatography, gas chromatography, amino acid and sugar analysis, and electron microscopy, I would obtain information on how the various components of the wall interacted and how these became modified during the developmental cycle of Nocardia. Table 4 gives the weight percentage of the cell wall removed during each extraction procedure. Both the lag-and log-phase cell walls had a greater amount of ethanol-ether-extractable material than did the stationary phase. Electron microscopy did not reveal any obvious structural change in the cell wall profiles as a result of ethanol-ether extraction. However, the cell walls embedded for electron microscopy were dehydrated through ethanol and propylene oxide; therefore, these loosely associated components were probably removed in unextracted cell walls by the routine embedding procedure. Therefore, it seems likely that this large amount of material (30% of the lag-phase cell walls) resided in the electron lucent zone located between the outer and inner layers of the cell wall ( Fig. 2a-d, 5A and B). Chloroform extraction removed more material from the 1-week cell wall than from logarithmically growing cells, although only a small portion of the wall was chloroform extractable after ethanol-ether extraction. Electron microscopy of cell walls after ethanol-ether and chloroform extraction still appeared very similar to the unextracted cell walls (Fig. 5A and B) ; however, the basal layer appeared to be less osmophilic. It has been shown by Beaman et al. (8) that KOH-ethanol or KOH-methanol removed the outer layer of the cell wall. We found that KOH-methanol after ethanol-ether and chloroform extraction removed more material from lag-and log-phase cells than from 1-week stationary organisms. These data clearly show that between 37% (lag phase) and 20% (stationary phase) of the cell wall lipid and non-peptidoglycan amino acids were firmly bound to the murein layer. Electron microscopy of thin sections revealed that after total extraction only the basal layer remained (Fig. 5C and D) . Further, this layer in log-and lag-phase cell walls was approximately one-half the thickness of the basal layer in the stationary cell walls. The electron microscopy profiles of the extracted log-phase basal layer appeared membranous with an outer granularity (Fig. 5C,  arrows) , whereas the basal layer of the 1-week cell walls appeared to be two membranous components with a granular matrix (Fig. 5D,  arrows) . This strongly suggested that the stationary-phase basal layer was composed of two layers of peptidoglycan and sugar whereas the log-phase walls were composed of only a single layer (compare Fig. 5A , B, C and D).
The percentage distribution of fatty acid methyl esters of the ethanol-ether extracts of the cell walls are given in Tables 5-8 . There were major changes in the fatty acid patterns of the loosely associated cell wall lipids as a consequence of bacterial culture age. All of the C,2 and C,4 and most of the C,e:l fatty acids were found in the ethanol-ether extract, whereas little of the fatty acids longer than C19 were in this fraction. However, C22, which was associated with the pigment in the older cultures and present in walls throughout the culture age (Tables 5-8 ), was found in this fraction. It should be noted that glucose was also detected in the ethanol-ether extracts; however, we were unable to detect ninhydrin-positive material in this fraction, indicating that amino acids were not removed.
A very small proportion of the cell wall was removed by chloroform ( (Tables 5-8 ). In addition to the fatty acids there were small amounts of arabinose and galactose detected and a significant amount of a sugar we believe to be mannose. Small amounts of ninhydrin-positive material was detected, however, we were unable to identify specific amino acids. Alkaline methanol removed the firmly bound lipid and peptidolipid components not extracted by ethanol-ether and chloroform. Tables 5-8 show that the fatty acids of these bound lipids were mostly C 16, C1s, 10 CH2C18, C20, and C22. In addition, there were some unidentified peaks in the range of C20 to C30 that did not co-chromatograph with any of our fatty acid and aldehyde standards. Thin-layer chromatographic analysis in combination with GLC showed that much of the C16 and C18 peaks were pyrolysis products of nocardomycolic acids. Interestingly, the major pyrolytic product of mycolic acids in log-phase cell walls was C 1s, whereas in 1-week stationary cells, C18 contain- VOL. 123, 1975 on November 6, 2017 by guest http://jb.asm.org/ ing mycolic acids were predominent. Tuberculostearic acid represented a major fatty acid of the bound lipids throughout the growth cycle. There were significant increases in the relative percentages of C2, and C22 as the culture age increased (Tables 5-8 ). It is important to point out, however, that the total bound lipids represent a smaller proportion of the cell wall weight as the cultures increase in age (Tables 1 and 4 ) and the majority of the material removed by KOH-methanol in stationary-phase cell walls are amino acids probably as a peptidolipid. Alkaline methanol treatment for 18 h at 60 C appeared to destroy the amino acid linkages to the lipid moieties; therefore, petroleum ether extracts of the KOH-methanol material did not give any evidence of a peptidolipid. In contrast, HCl-methanolysis of the cell wall for 6 h at 110 C over dry nitrogen in a sealed tube digested the wall releasing the peptidolipid which was then recovered by petroleum ether extraction. The petroleum ether extract was dried and the fatty residue was hydrolyzed for amino acid analysis as described. Table 9 clearly shows that almost all of the non-murein amino acids were quantitatively recovered (compare Tables 1 and 9 ) in this fraction and the general composition was similar to published data concerning peptidolipids isolated from whole cells of N. asteroides (2) . In these reports, a C20 fatty acid was linked to the threonine portion of the peptide. It is interesting to note that in our study the bound lipid associated with the peptide contains significant amounts of C20 (Tables  5-8) as well as threonine, serine, proline, glycine, alanine, valine, isoleucine, leucine, and phenylalanine (Table 9) . No muramic acid, glucosamine, diaminopimelic acid (DAP), methionine, tryosine, cystine, arginine, histidine, or lysine was detected in this material. Table 10 gives the chemical composition of the totally extracted cell walls (Fig. 5C and D) . There. were considerable differences in the chemical composition of the remaining basal (Table 10 ). In addition, there was a loss of glycine as the cell culture became older. The ratios of the arabinose and galactose were essentially 2:1 except at 55 h where the ratio was consistently 3:1. In general there was an increase in peptidoglycan as the culture aged (Table 1 ) but the relative percentages of the extracted wall that was composed of amino acids and sugars were similar for all time periods. We were unable to detect any fatty acids by HCl-methanolysis of the totally extracted cell walls. From these data it is clear that each extraction procedure removed significant but varying classes of chemical components from the cell walls. Further, each of these classes of compounds varied within the cell wall structure depending upon the specific age of the culture.
DISCUSSION
Avery and Blank were among the first to study the chemical substances found in the cell walls of Nocardia (3) . They demonstrated that the nocardial envelope lacked chitin and cellulose and was, therefore, more closely related to the bacteria than the true fungi. Work (33) found DAP in the cells of Nocardia, and Romano and Sohler (26) discovered that the walls were rich in arabinose and galactose. Cummins and co-workers investigated the general cell wall composition of many actinomycetes and corynebacteria (13, 14, 15, 16) . They clearly established that mycobacteria, corynebacteria, and Nocardia had chemically similar cell walls composed of arabinose, galactose, alanine, glutamic acid, meso-DAP, glucosamine, and muramic acid.
Sohler et al. (30) noted that proline-and sulfur-containing amino acids were generally absent from nocardial cell walls. However, they found that N. rubra 3639 had arginine, aspartic acid, glycine, lysine, serine, threonine, valine, phenylalanine, leucine, and isoleucine as minor wall components. Snyder et al. (29) confirmed the presence of minor amounts of several amino acids in thoroughly washed but unextracted cell walls of Nocardia. Our work, as well as the investigations of others, demonstrated that these amino acids were a real and significant part of the nocardial cell wall (7, 8, 24) .
Many laboratories routinely prepared their cell wall fractions by first extracting them with alkaline-ethanol. Electron microscopy clearly revealed that such treatment removed the outer layers of the wall (8) . Much of the material lost was lipid; however, amino acid analysis demonstrated a consistent loss of only certain amino acids that appeared to be linked to the firmly bound lipid fraction. Therefore, the chemical composition of nocardial cell walls most frequently described in the literature represents mainly peptidoglycan and associated arabinose and galactose. The data presented above clearly showed that the peptidoglycan represented 15 to 40% of the cell wall weight, depending upon culture age. Electron microscopy of sectioned, negatively stained, and frozen-etched cells and walls demonstrated them to be composed of several distinct layers. Further, the apparent number and thickness of these layers changed during the growth cycle. In N. rubra, Beaman and Shankel (9) noted similar changes of cell wall and cytoplasmic membrane ultrastucture as a result of growth on different media.
There are only a few publications concerning the quantitative chemical composition of nocardial cell walls. None of these attempted to ascertain the effects of culture age on cell wall structure and composition. Further, there are no published reports correlating specific nocardial cell wall structure with chemical composition.
Vacheron et al. (32) studied the wall-lipid and peptidoglycan portions of N. kirovani. They reported that cell walls of this organism were composed of 40% peptidoglycan, 17.5% free lipids, and 20% bound lipids. The free lipids consisted of fatty acids of C1. through C18, nocardic acids, nocardones, triglycerides, and a carotenoid pigment. The bound lipid fraction appeared to be mostly nocardomycolic acid linked to arabinogalactan. They did not report finding peptidolipid, although the presence of non-peptidoglycan amino acids were noted. In addition, they did not report finding tuberculostearic acid or other fatty acids greater than C,.
which have been found in cell walls of mycobacteria (2) .
The peptidoglycan structures of N. asteroides and N. kirovani have been studied (4, 24, 32) . It was shown that the basal glycan consisted of ,B-N-acetylglucosaminyl-1,4-N-glycolylmuramic acid with amino acids linked to the carboxyl group of the N-glycolylmuramic acid (4, 5, 32) .
The peptidoglycan amino acids were shown to be diamidated L-alanine-Da-glutamine-meso-DAP tripeptides and L-alanine-Da-glutaminemeso-DAP-D-alanine tetrapeptides. Further, the tetrapeptides were cross linked by way of D-alanine to meso-DAP linkages (4, 24, 32). Azuma et al. (4) found that arabinose and galactose, in a ratio of 2.7:1.0, were present in the defatted cell walls of N. asteroides 131. The cells these investigators studied were grown for 1 week in Sauton medium. Their data is similar to our calculations of early stationary phase cells of N. asteroides 14759 grown in BHI (Table  10) . Azuma et al. (4) indicated that the arabinogalactan was linked to a mycolic acid moiety by way of arabinose and not galactose. In addition, they suggested that the arabinogalactan consisted of 1-5 linked arabinofuranosyl, 1-4 linked galactopyranosyl, and some 1-2 linked arabinofuranosyl residues (4).
In addition to arabinose and galactose, significant amounts of glucose were found in the cell walls of Nocardia. Michel (24) reported that the glucose was in some way associated to the arabinogalactose polymer; however, the specific structural interaction of these three sugars remains undefined. Small amounts of mannose were detected in stationary-phase cell walls of N. asteroides 14759. The mannose may be linked to the arabinogalactan to form an arabinogalactomannan which has been suggested as being a specific polysaccharide for Nocardia. This is in contrast to the arabinogalactan from Nocardia which serologically cross-reacts with the arabinogalactan isolated from mycobacteria and corynebacteria (4, 13, 14, 32) .
Azuma et al. (4) found that the nocardomycolic acids were linked to the arabinogalactan-peptidoglycan complex. They noted that, in the cell walls of N. asteroides 131, the a branches of these mycolic acids were C10 and C12 which upon pyrolysis gave C12 and C14 fatty acids. In contrast, we found no C12 and C1l fatty acids that were pyrolysis products but, instead, major amounts of Cis and Ci8 components were identified. Further, the predominant class of mycolic acid changed during the growth cycle. Actively growing filaments had cell walls rich in C 1,-containing mycolates whereas stationary cells had wall mycolates composed of mostly C18 fatty acids after pyrolysis. In addition to the mycolates, large amounts of tuberculostearic acid and C20 and C22 fatty acids were firmly bound to the cell walls (Tables 5-8 ). The data obtained by sequential extraction of the cell walls indicated that there were lipids, peptidolipids, and glycolipids firmly attached by way of the arabinogalactan to the peptidoglycan. Electron microscopy data suggested that these components resided in the outer, electron opaque layer of the cell wall.
Michel (24), Azuma et al. (4) , and Vacheron et al. (32) indicated that cell walls of N. kirovani and N. asteroides 131 were composed of peptidoglycan covalently linked to arabinogalactan linked to nocardomycolate after removal of the loosely associated fats by extraction with ethanol-ether and chloroform. In addition, these investigators noted the presence of non-peptidoglycan amino acids such as glycine, alanine, valine, serine, and threonine. Michel (24) noted that glucose is somehow associated with the firmly attached cell wall material. The data presented in Tables 5-8 indicated that there was at least one additional class of lipid firmly attached to the murein-arabinogalactanmycolate-peptide complex in N. asteroides 14759. The exact way these components are linked together is not known. However, it is clear that the structural relationship of these components changes during the growth cycle of the cell.
Peptidolipids have been isolated from cells of N. asteroides. These had L-threonine, L-proline, L-alanine, D-alanine, and D-alloisoleucine linked to a 13-C20 hydroxy acid (2) . In addition, peptidolipids have been isolated from various strains of mycobacteria. For example, M. johnei had a peptidolipid composed of phenylalanine, alanine, leucine, and isoleucine linked to neicosanoic acid (C20:1) (2) . The data presented above are compatible with these observations and suggest that a peptide composed of mostly threonine, serine, glycine, alanine, valine, isoleucine, leucine, and phenylalanine is covalently linked to a lipid fraction bound within the wall of N. asteroides 14759. The amino acid analysis shown in Table 9 demonstrated that certain amino acids increased in amount during growth of the cells whereas other amino acids initially increased and then decreased as the cells aged. These data suggested that two or more peptides or proteins were found within the wall, and they changed in amount relative to each other during growth. A more likely possibility to explain these changes, however, would be that during the growth and development of the wall certain of these amino acids became more exposed to autolytic protease or to the activities of the trypsin and pepsin used during cell wall purification.
Total free lipids of whole cells of Nocardia have been studied. Michel (2) Nocardia were rich in C14, C16, C1o:l, Cle:l, and tuberculostearic fatty acids, and small amounts of C12, C,6, C18, and C20 fatty acids were detected. In contrast to our observations of C22 and C24 fatty acids in ethanol-ether extracts of N. asteroides 14759 cell walls, these investigators noted the absence of fatty acids greater than C20 in the free lipids of Nocardia whereas mycobacteria had significant amounts of C24 and C26. Ioneda et al. (20) isolated a trehalose-6,6'-dimycolate (Cord factor) from a strain of N. asteroides and N. rhodochrous. It was believed that this glycolipid was a part of the loosely associated lipid material found in the cell envelope since it was removed by ethanol-ether extraction. Vacheron et al. (32) noted that the free lipids of purified cell walls of N. kirovani were a mixture of carotenoid pigment, tri-and tetra-unsaturated nocardones, a-branched ,Bhydroxylated nocardic acids, and triglycerides. The nocardols which were isolated from whole cells of N. kirovani were not detected in cell wall preparations. Ratlidge and Snow (25) demonstrated that Nocardia have lipid-soluble, ironbinding compounds (nocobactins) in the loosely associated cell envelope material. The nocobactins represented a small portion of the cell walls when the organisms were grown in iron-rich media; however, they increased in amounts if cells were grown in an iron-deficient medium (25) . Bordet and Michel (10) studied the structure and biosynthesis of the high-molecular-weight lipids found in cells of N. asteroides 9969. They noted that nocardols, nocardones, and nocardomycolates were probably synthesized by mycolate condensation, w-oxidation, followed by further mycolic condensation. Palmitic acid (C 16) was incorporated into these molecules and represented a precursor for the mycolates. Therefore, younger cells actively synthesizing large amounts of mycolates should be expected to contain more palmitic acid than the older, resting cells where synthesis of cell components have decreased. The data presented above give support to the suggestion that the cell wall mycolates are synthesized within the wall and that palmitic acid levels are greater in the cell walls of actively growing organisms than in stationary-phase cells. The data presented in Tables 3 and 5-8 show this to be the case with N. asteroides 14759. Further, it was shown that, in mycobacteria, oleic acid (C 18:1) was the precursor for tuberculostearic acid (12) . Thus, in young cultures of mycobacteria, more oleic than tuberculostearic acids were found. However, as the culture aged, there was an increased amount of tuberculostearic acid accompanied by a decrease in oleic acid (12) . From the data presented in Tables 3 and 5 The data presented in this manuscript clearly show that the cell wall composition of N. asteroides 14759 is complex and composed of several chemically and ultrastructurally distinct layers. Further, the composition and structure of these layers change dramatically during the growth cycle. Therefore, these data have basic implications in trying to understand the biological properties of nocardial cell growth, division, L-form variation, and hostparasite interactions (6, 11) .
